Nitric oxide (NO), which was originally termed an "endothelium-derived relaxing factor" by Furchgott and Zawadzki (1980), 1) is associated with relaxation of blood vessels.
2) NO is released from endothelial cells in response to stress produced by increasing blood flow and activation of a variety of receptors, hormones, neurotransmitters, and autacoids, and can be inhibited by methylene blue or superoxide anion. [2] [3] [4] [5] NO exists as a nitrate form, and nitrite and nitrate are measured in serum, plasma, and urine as markers of NO generated. [6] [7] [8] NO is produced by a wide variety of cell types and is generated via oxidation of L-arginine catalyzed by the enzyme NO synthase (NOS) .
NO generated in endothelial cells diffuses to vascular smooth muscle cells and increases intracellular cGMP concentrations with the activation of the soluble guanylyl cyclase, leading to relaxation of underlying vessels. 9) Cyclic GMP has been found to play a pivotal role in inducing smooth muscle cell relaxation because it activates cGMP-dependent protein kinase, leading to decreasing the depolarization-increased intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) by regulating cell membrane channels. [10] [11] [12] The genus Crotalaria belongs to Leguminosae and is extensively distributed in Korea, Japan, China, and India, where it is used for its beneficial effects such as antirheumatic, antiphlogistic, antitumor, and expectorant activity. 13) C. sessiliflora L. has been used as a diuretic, cardiotonic, analgesic, and antitumor agent in folk medicine. 14, 15) It also has been reported associated with antihypertensive effect in anesthetized dogs. 16) Antioxidative compounds hydroquinone, hydroxyeucomic acid, (2R)-eriodictyol-7-O-b-glucopyranoside, vitexin, orientin, and isoorientin have been isolated from the ethylacetate extract of the aerial part of C. sessiliflora. 17) Furthermore, flavonoids such as vitexin and orientin present in many plants are known to have vasodilatory effect. 18, 19) Therefore the aim of the present study was to investigate the vasodilatory effect and underlying mechanism of extract from C. sessiliflora L. PE, L-NNA, methylene blue, ruthenium red, IBMX, atropine, and acetylcholine were dissolved in deionized water or sterilized physiological saline. PGF 2a was dissolved in ethanol and further diluted with deionized water. Indomethacin was dissolved in 4% sodium carbonate. All other reagents were similarly used at concentrations where their respective vehicles had no direct effect on vascular tone.
MATERIALS AND METHODS

Reagents
Preparation of C. sessiliflora L. Extract (CSE) Dried aerial parts of C. sessiliflora L. were extracted with twentytwo volumes of methylene chloride : ethanol (3 : 1) mixture at 25°C for 3 d in shaking water bath. The extract was suspended in deionized water and the suspension filtered
The aim of the present study was to investigate the vasoactive effect of Crotalaria sessiliflora L. extract (CSE) on rats and its mechanism when combining in vivo and in vitro approaches. CSE (0.5-5 mg/ml) induced concentration-dependent relaxation on endothelium-intact thoracic aortic rings precontracted with phenylephrine (PE, 10 ؊5 M). This effect disappeared with the removal of functional endothelium. Pretreatment of the aortic strips with either N G -nitro-L-arginine (L-NNA, 10 ؊5 M) or methylene blue (10 ؊5 M) significantly reduced the relaxation induced by CSE. The endothelium-dependent relaxation caused by CSE was associated with production of cGMP. CSE (5 mg/ml) increased the production of cGMP in endothelium-intact aortic rings and this effect was significantly attenuated by L-NNA ( , 0.03 EDTA 2Na, and 11.1 glucose), cleaned of connective tissue, and cut into approximately 3-4 mm-wide strips. For endothelium-intact strips, extreme care was taken to avoid injury of endothelium. For endothelium-denuded strips, the endothelium was removed by rubbing the vessel interior with wet filter paper. Each vascular strip was mounted in a 10-ml organ bath containing K-H buffer solution. One end of the aortic strip was attached to a metal hook and the other was connected to an isometric force transducer (Schuler-system K30, HSE, Germany) in a bath of K-H buffer solution maintained at 37°C and bubbled with 95% O 2 -5% CO 2 (pH 7.3-7.4). Aortic strips were stretched to 2 g of passive tension to facilitate maximal detection of active tension and allowed to equilibrate for 60 min. Isometric tension was conveniently amplified (Schuler-system 73-0065, HSE, March, Germany), recorded, and stored in an IBM ® AT compatible computer by means of the appropriate software (ACAD, HSE, March, Germany) for later analysis.
Measurement of CSE-Induced Vasorelaxation After the initial equilibration, viability of the tissue was confirmed by adding 10 Ϫ5 M PE. Endothelial integrity or functional removal was verified by the presence or absence, respectively, of the relaxant response to 10 Ϫ6 M acetylcholine on PE-precontracted vessels. The aortic strip was then washed for 60 min with K-H buffer solution to remove PE and acetylcholine before starting the subsequent experiments. To evaluate the CSE-induced vasorelaxation, cumulative doses (1 to 5 mg/ml) of CSE were added to induce relaxation after a submaximal contraction (70-80% of maximum) of aortic vessel by 10 Ϫ5 M PE. All strips were pretreated with cyclooxygenase inhibitor indomethacin (10 Ϫ5 M) 30 min before contraction with PE to exclude the effect of prostanoids on relaxation or contraction of strips. Methylene blue (10 Measurement of Intracellular cGMP Levels Cyclic GMP measurement was performed in strips that were not under tension as described by Rapoport and Murad (1983) . 9) Strips of rat thoracic aortae with or without endothelium were incubated for 30 min at 37°C in flasks containing 10 ml of K-H buffer solution gassed with 95% O 2 and 5% CO 2 . After this equilibration period, the incubation buffer was removed and replaced with new K-H buffer solution containing 10 Ϫ5 M indomethacin and 10 Ϫ4 M IBMX. To examine the effects of L-NNA (10 Ϫ5 M) and methylene blue (10 Ϫ5 M), these compounds were also added to the solution. The strips were then allowed to incubate for an additional 30 min before addition of PE (10 Ϫ5 M). Treated with PE for 20 min, the strips were exposed to CSE (5 mg/ml) for 5 min. The strips were then frozen rapidly with an aluminum clamp cooled in liquid nitrogen. The frozen strips were homogenized in 1 ml of 6% trichloroacetic acid with a glass-glass potter, and centrifuged at 13600 g for 15 min. The supernatants were extracted four times with four volumes of water-saturated ether, lyophilized, and stored at Ϫ80°C for determination of cGMP levels. The content of the cGMP was determined by cGMP immunoassay kit according to the manufacturer's instructions. The amount of protein was measured on the basis of Peterson's modification of the micro Lowry method. 20) Measurement of Blood Pressure SD rats were anesthetized with an intramuscular injection of ketamine (30 mg/kg) and xylazine (3 mg/kg). A ventral abdominal laparotomy was performed to expose the abdominal aorta, and a segment (about 1 cm below the renal arteries) of the aorta was isolated. The transmitter catheter tip was inserted into the aorta just above the iliac bifurcation. The transmitter was fixed to the abdominal muscles, and the abdominal musculature and skin incisions were closed using standard techniques. For administration of compounds, polyethylene catheter (PE45, Nazme, Japan) filled with heparinized saline was inserted into the jugular vein and led under the skin to exit between the scapulae. The rats were individually placed in cages on the telemetry receivers and allowed a seven-day recovery adjustment period. On the day of the experiment, after cardiovascular parameters had stabilized, CSE (10, 20, 40 mg/kg) and acetylcholine (40 mg/kg) were administered intravenously. Atropine (2 mg/kg) or L-NNA (10 mg/kg) was administered and 5-10 min later CSE (40 mg/kg) was repeated. Changes in blood pressure induced by CSE and acetylcholine were compared before (baseline conditions) and after atropine or L-NNA injection. Measurement of Nitrite/Nitrate in Plasma Blood collections to measure nitrite/nitrate in rats were carried out according to the method described by Sawada et al. (1994) . 21) Healthy SD rats were assigned to four different groups: (1) untreated control animals, (2) animals treated with 40 mg/kg of CSE, (3) animals treated with 40 mg/kg of acetylcholine, and (4) animals treated with 40 mg/kg of CSE and 40 mg/kg of L-NNA intravenously. Rat blood samples were obtained from the abdominal artery under diethylether anesthesia 10 min after administration and placed in tubes containing liquid EDTA. Blood samples were centrifuged to separate plasma. Nitrite and nitrate concentrations in plasma were analyzed by colorimetric nitrite/nitrate assay kit according to the manufacturer's instructions.
Statistics All values are expressed as meansϮS.E.M. Single comparisons were made with two-tailed Student paired and unpaired t-tests. Multiple comparisons were performed with one-way ANOVA followed by Dunnett's test to determine the difference between the group means. A pvalue lower than 0.05 was considered significant. Statistical analysis was performed using a statistical analysis system (SPSS ® Software, version 10.0, U.S.A.).
RESULTS
Vasorelaxant Effect of CSE With endothelium-intact aortic preparations, CSE relaxed PE (10
aortic rings in a dose-dependent manner (Figs. 1A, 2) . The maximal relaxant effect of CSE was 93.0Ϯ1.7% (vs. PE contraction) under the concentration of 5 mg/ml. The EC 50 value of CSE for PE-induced contraction was 2.9Ϯ0.5 mg/ml. The relaxant effect of CSE in aortic tissue was completely abolished by denuding the endothelial layer (Fig. 1B) . Therefore endothelium-intact aortic rings were used for the determination of CSE-induced vascular activity in the following experiments. CSE did not change basal tension in the aortic strips with or without endothelium (data not shown).
Effect of L-NNA and Methylene Blue on CSE-Induced Vasorelaxation L-NNA (10
Ϫ5
, 10
Ϫ4 M), a NOS inhibitor, caused concentration-dependent attenuation of the CSE-induced vasorelaxation (Fig. 2) . CSE-induced vasorelaxant effect was largely annulled by treatment with 10
showing maximal relaxation of 38.05Ϯ3.92% with 5 mg/ml. Methylene blue (10 Ϫ5 M), a soluble guanylyl cyclase inhibitor, also significantly decreased the CSE-induced vasorelaxation of aortic tissues with an EC 50 value of 3.64Ϯ0.03 mg/ml. Indomethacin (10 Ϫ5 M), a cyclooxygenase inhibitor, was treated in every experiment to exclude the possible involvement of prostanoids to CSE-induced vasorelaxation even though it had no effect on vasoactivity as shown in Fig. 2 .
Effect of CSE on Intracellular cGMP Levels in Thoracic Aorta To confirm whether a NO/cGMP pathway is involved in the CSE-induced endothelium-dependent relaxation, the effect of CSE on accumulation of intracellular cGMP in the aortic strips was determined. As shown in Ca 2ϩ uniporter inhibitor, significantly reduced the CSE-induced vasorelaxation of PE-contracted aortic strips, shifting the CSE-induced concentration-dependent relaxation curve to the right. The EC 50 values of CSE in the presence and absence of ruthenium red were 4.71Ϯ0.19 and 2.89Ϯ 0.10 mg/ml, respectively (Fig. 5) .
Effect of CSE on Blood Pressure Figure 6 and Table 1 show that intravenous injection of CSE (10, with atropine (2 mg/kg) as well as L-NNA (10 mg/kg). The blood pressure was also markedly reduced by 32.1Ϯ2.12% from 105.7Ϯ1.72 to 71.6Ϯ1.58 mmHg in the 40 mg/kg acetylcholine-injected rats.
Effect of CSE on Plasma Nitrite/Nitrate To investigate the relationship between blood pressure decrease and plasma NO production, we performed nitrite/nitrate colorimetric assay in rat plasma. The nitrite/nitrate concentration in 40 mg/kg of CSE-injected rats significantly increased to 46.7Ϯ2.4 mmol/l compared with control (35.4Ϯ1.2 mmol/l), while the value significantly decreased to 39.8Ϯ1.5 mmol/l by pretreatment of 40 mg/kg L-NNA (Fig. 7) . In 40 mg/kg of acetylcholine-injected rats, it also significantly increased to 39.1Ϯ0.6 mmol/l compared with control.
DISCUSSION
The present study demonstrated that CSE exerts a vasorelaxant effect on PE-contracted aortic rings in rats. Removing functional endothelium abolishes the relaxant response to CSE, indicating that the vasorelaxation produced by CSE is endothelium-dependent. To elucidate the involvement of endothelium-derived vasodilators, the effects of various inhibitors on CSE-induced vasorelaxation were examined. L-NNA, a NOS inhibitor, showed a concentration-dependent inhibition on the CSE-induced vascular relaxation of aortic rings. It was also demonstrated that pretreatment with methylene blue, a soluble guanylyl cyclase inhibitor, inhibited the CSE-induced vasorelaxation. These results suggest that CSEinduced vascular relaxation is closely related with activation of a NO-cGMP pathway. On the other hand, since the cyclooxygenase inhibitor indomethacin had no effect on CSEinduced vasorelaxation and was treated in every experiment, participation of cyclooxygenase metabolites of arachidonic acid on the vasoactivity may be excluded.
Relaxation of vascular smooth muscle by NO-cGMP signaling involves a sequence of steps. NO is formed in the endothelium by activating NOS. NO diffuses out of the endothelium and enters the underlying vascular smooth muscle where it binds to and activates soluble guanylyl cyclase. This enzyme catalyzes the conversion of GTP to cGMP. [9] [10] [11] [12] Cyclic GMP-activated protein kinase G inhibits Ca 2ϩ influx, augments Ca 2ϩ sequestration, and decreases the sensitivity of contractile elements to Ca 2ϩ . 22) The present study showed that exposing endothelium-intact aortic rings to CSE increased the tissue accumulation of cGMP. This increase induced by CSE was significantly inhibited by pretreatment with either L-NNA or methylene blue, suggesting a significant role of endothelium/NO-cGMP signaling in CSE-induced vascular relaxation.
Since Ca 2ϩ plays an essential role in NO synthesis and release in endothelial cells, 23) we tested the effects of removal of extracellular Ca 2ϩ and inhibition of mitochondrial Ca 2ϩ uniporter inhibitor on CSE-induced vascular relaxation. CSE failed to cause significant relaxation of endothelium-intact aortic rings precontracted with PGF 2a in Ca 2ϩ -free K-H buffer solution. In addition, vascular relaxation of CSE on PE-contracted aortic rings was markedly inhibited by pretreatment with ruthenium red, a mitochondrial Ca 2ϩ uniporter inhibitor. These results suggest that CSE-induced endothelial NOS activation is attributable to both the extracellular Ca 2ϩ influx and, at least in part, the released Ca 2ϩ from intracellular stores.
Plasma nitrite/nitrate concentration and arterial blood pressure were measured after intravenous injection of CSE in rats to elucidate whether CSE also evokes relaxation of vascular smooth muscle followed by NO release from endothelial cells in in vivo studies. Intravenous injection of CSE produced an immediate decrease in arterial blood pressure and the blood pressure recovered within 1 min. CSE showed a dose-dependent hypotensive effect on rats. The hypotensive effect of CSE was significantly blocked by atropine and L-NNA. Plasma nitrite/nitrate concentration measured in CSEinjected rats was significantly higher than that in control animals. Furthermore, the increase of nitrite/nitrate in CSEtreated rats was blocked by coadministration of L-NNA. Similarly, injection of acetylcholine produced a decrease in arterial blood pressure and increase of plasma nitrite/nitrate concentration. These results suggest that CSE could activate endothelial NO/cGMP signaling via muscarinic receptors to produce hypotension. Therefore it is concluded that CSE causes vasorelaxation mediated by NO generation in vivo as well as in vitro.
Regarding the nature of the active compounds responsible for the observed effects, it has been reported that C. sessiliflora L. contains flavonoids such as vitexin, isovitexin, orientin, isoorientin, and 4Ј,7-dihydroxyflavone. 24) Since it is well established that flavonoids from a great variety of plants produce endothelium-dependent NO/cGMP-mediated vasodilation in vessels of mammals, 25, 26) it is quite plausible that the vasorelaxation induced by CSE is also mediated by the flavonoids it apparently contains. In accordance with this hypothesis, orientin and vitexin, which are also contained in this plant, were demonstrated to have vasodilatory effect. 18, 19) In the case of some flavonoid compounds, it has been shown that they induce an increase of [Ca 2ϩ ] i , which in turn, by activating the endothelial NOS, induces the synthesis/release of NO. 18, 27, 28) A similar mechanism may be involved in the relaxation observed in the present study. Forthcoming studies will attempt to clarify the contributable components.
In conclusion, we demonstrated a novel pharmacological action of CSE and its mechanism through the present study. It was suggested that CSE dilates vascular smooth muscle via activating NO/cGMP signaling by promoting extracellular Ca 2ϩ influx and the release of Ca 2ϩ from intracellular stores in endothelium, which might result from activation of endothelial muscarinic receptors.
